























































滞 症（neonatal intrahepatic cholestasis caused by 
citrin deficiency: NICCD）、適応・代償期には、発育
不全と脂質異常症（failure to thrive and dyslipidemia 
caused by citrin deficiency: FTTDCD）、 成 人 期 に





proliferator-activated receptor α（PPAR α）の
低下が見出され５）、治療については、中鎖脂肪酸









































































































































































































































P=5.08E－14）（標 準 体 重 3.0±0.4 kg）、 身 長47.9±
1.9 cm（n=38，P=0.00051）（標準身長 49.0±1.9 cm）、













































































































































































































































































































































































































































２. Kobayashi K, Sinasac DS, Iijima M, Boright AP, 
Begum L, Lee JR, et al. : The gene mutated in adult-
onset type II citrullinaemia encodes a putative 
mitochondrial carrier protein. Nat Genet 1999; 22: 159-
163
３. Palmieri L, Pardo B, Lasorsa FM, del Arco A, 
Kobayashi K, Iijima M, et al. : Citrin and aralar1 are Ca 
（2+）－stimulated aspartate/glutamate transporters in 
mitochondria. EMBO J 2001; 20: 5060-5069
４. Saheki, Song YZ: Citrin deficiency, in: GeneReviews 
at GeneTests: Medical Genetics Information Resource 
[database online]. Copyright, University of Washington, 
Seattle. 1993-2017. Available at http://www.genetests.
org.
５. Komatsu M, Kimura T, Yazaki M, Tanaka N, Yang 
Y, Nakajima T, et al. : Steatogenesis in adult-onset type 
II citrullinemia is associated with down-regulation of 
PPARα. Biochim Biophys Acta 2014; 1852: 473-481
６. Hayasaka K, Numakura C, Toyota K, Kimura T: 
Treatment with lactose（galactose）-restricted and 
medium-chain triglyceride-supplemented formula for 
neonatal intrahepatic cholestasis caused by citrin 
deficiency. JIMD Rep 2012; 2: 37-44 
７. Hayasaka K, Numakura C, Toyota K, Kakizaki S, 
－60－
早坂
Watanabe H, Haga H, et al. : Medium-chain triglyceride 
supplementation under a low-carbohydrate formula is a 
promising therapy for adult-onset type II citrullinemia. 
Mol Genet Metab Rep 2014; 1: 42-50
８. Hayasaka K, Numakura C, Yamakawa M, Mitsui T, 
Watanabe H, Haga H, et al. : Medium-chain triglycerides 
supplement therapy with a low-carbohydrate formula 
can supply energy and enhance ammonia detoxification 
in the hepatocytes of patients with adult-onset type II 
citrullinemia. J Inherit Metab Dis 2018; 41: 777-784 
９. Numakura C, Tamiya G, Ueki M, Okada T, Maisawa 
SI, Kojima-Ishii K, et al. : Growth impairment in 
individuals with citrin deficiency. J Inherit Metab Dis 
2019; 42: 501-508
10. Uyeda K, Repa JJ: Carbohydrate response element 
binding protein, ChREBP, a transcription factor 
coupling hepatic glucose utilization and lipid synthesis. 
Cell Metab 2006; 4: 107-110
11. Filhoulaud G, Guilmeau S, Dentin R, Girard J, Postic 
C: Novel insights into ChREBP regulation and function. 
Trends Endocrinol Metab 2013; 24: 257-268
12. Jeon TII, Osborne TF: SREBPs: metabolic integrators 
in physiology and metabolism. Trends Endocrinol 
Metab 2012; 23: 65-72
13. Häberle J, Görg B, Rutsch F, Schmidt E, Toutain A, 
Benoist JF, et al. : Congenital glutamine deficiency with 





15. Ohura T, Kobayashi K, Tazawa Y, Nishi I, Abukawa 
D, Sakamoto O, et al. : Neonatal presentation of adult-
onset type II citrullinemia. Hum Genet 2001; 108: 87-90 
16. Takagi H, Hagiwara S, Hashizume H, Kanda D, Sato 
K, Sohara N, et al. : Adult onset type II citrullinemia as 
a cause of non-alcoholic steatohepatitis. J Hepatol 2006; 
44: 236-239
17. Kikuchi A, Arai-Ichinoi N, Sakamoto O, Matsubara Y, 
Saheki T, Kobayashi K, et al. : Simple and rapid genetic 
testing for citrin deficiency by screening 11 prevalent 
mutations in SLC25A13. Mol Genet Metab 2012; 105: 
553-558 
18. Wibom R, Lasorsa FM, Tohonen V, Barbaro M, Sterky 
FH, Kucinski T, et al. : AGC1 deficiency associated 
with global cerebral hypomyelination. New Eng J Med 
2009; 361: 489-495
19. Seifter S, Englard S: Energy metabolism. In: Arias I, 
Wolkoff A, Boyer J, Shafritz DA, Fausto N, Harvey J, et 
al. eds. The liver: biology and pathobiology, 5th Edition, 
New York: Raven Press, 2009: 1-41
20. Hellerstein MK: De novo lipogenesis in humans: 
metabolic and regulatory aspects. Eur J Clin Nutr. 
1999; 53（Suppl 1）: S53-S65 
21. Contreras AV, Torres N, Tovar AR: PPAR-α as a 
key nutritional and environmental sensor for metabolic 
adaptation. Adv Nutr 2013; 4: 439-445
22. Tamamori A, Fujimoto A, Okano Y, Kobayashi K, 
Saheki T, Tagami Y, et al. : Effects of citrin deficiency 
in the perinatal period: feasibility of newborn mass 
screening for citrin deficiency. Pediatr Res 2004; 56: 
608-614
23. Widdowson EM, McCance RA, Spray CM: The 
chemical composition of the human body. Clin Sci 1951; 
10: 113-125
24. Hausman DB, Hausman GJ, Martin RJ: Influence of 
the pituitary on lipolysis and lipogenesis in fetal pig 
adipose tissue. Horm Metab Res 1993; 25: 17-20
25. Herrera E, Amusquivar E: Lipid metabolism in the 
fetus and the newborn. Diabetes Metab Res Rev 2000; 
16: 202-210
26. Lorenzo M, Caldés T, Benito M, Medina JM: 
Lipogenesis in vivo in maternal and foetal tissues 
during late gestation in the rat. Biochem J 1981; 198: 
425-428 
27. Nakamura M, Yazaki M, Kobayashi Y, Fukushima 
K, Ikeda S, Kobayashi K, et al. : The characteristics of 
food intake in patients with type II citrullinemia. J Nutr 
Sci Vitaminol（Tokyo）. 2011; 57: 239-245
28. Ji H, Graczyk-Milbrandt G, Friedman MI: Metabolic 
inhibitors synergistically decrease hepatic energy 
status and increase food intake. Am J Physiol Regul 
Integr Comp Physiol 2000; 278: R1579-1582
29. Rawson NE, Ulrich PM, Friedman MI: Fatty acid 
oxidation modulates the eating response to the fructose 
analogue 2,5-anhydro-D-mannitol. Am J Physiol 1996; 
271: R144-148
30. Yazaki M, Takei Y, Kobayashi K, Saheki T, Ikeda 
S: Risk of worsened encephalopathy after intravenous 
glycerol therapy in patients with adult-onset type II 
citrullinemia（CTLN2）. Intern Med 44: 188-195, 2005
31. Cox TM: Iatrogenic deaths in hereditary fructose 
intolerance. Arch Dis Child. 1993; 69: 413-415
32. Steinman B, Gitzelmann R, Van den Berghe G: 
Disorders of fructose metabolism. In: Valle D, Beaudet 
AL, Vogelstein B, Kinzler KW, Antonarakis SE, Ballabio 
A, et al. eds. The Online Metabolic and Molecular 








34. Sinasac DS, Moriyama M, Jalil MA, Begum L, Li 
MX, Iijima M, et al. : Slc25a13-knockout mice harbor 
metabolic deficits but fail to display hallmarks of adult-
onset type II citrullinemia. Mol Cell Biol 2004; 24: 527-
536
35. Academies IoMotN: Dietary Reference Intakes: 
energy, carbohydrates, fiber, fat, fatty acids, cholesterol, 
protein, and amino acids. Washington: National 
Academies Press; 2005. 265-338
36. Imamura Y, Kobayashi K, Shibatou T, Aburada 
S, Tahara K, Kubozono O, et al. : Effectiveness of 
carbohydrate restricted diet and arginine granules 
therapy for adult onset type II citrullinemia: a case 
report of siblings showing homozygous SLC25A13 
mutation with and without the disease. Hepatol Res. 
2003; 26: 68-72
37. Chakravarthy MV, Pan Z, Zhu Y, Tordjman K, 
Schneider JG, Coleman T, et al. : "New" hepatic fat 
activates PPARalpha to maintain glucose, lipid, and 
cholesterol homeostasis. Cell Metab 2005; 1: 309-322 
38. Häussinger D, Schliess F: Glutamine metabolism and 
signaling in the liver. Front Biosci 2007; 12: 371-391
39. Qvartskhava N, Lang PA, Görg B, Pozdeev VI, 
Ortiz MP, Lang KS, et al. : Hyperammonemia in gene 
targeted mice lacking functional hepatic glutamine 
synthetase. Proc Natl Acad Sci USA 2015: 112: 5521-
5526
40. Tazawa Y, Kobayashi K, Ohura T, Abukawa D, 
Nishinomiya F, Hosoda Y, et al. : Infantile cholestatic 
jaundice assoc iated with adul t -onset  type I I 
citrullinemia. J Pediatr. 2001; 138: 735-740 
41. Yasuda T, Yamaguchi N, Kobayashi K, Nishi I, 
Horinouchi H, Jalil MA, et al. : Identification of two 
novel mutations in the SLC25A13 gene and detection of 
seven mutations in 102 patients with adult-onset type 
II citrullinemia. Hum Genet 2000; 107: 537-545
42. Yagi Y, Saheki T, Imamura Y, Kobayashi K, Sase 
M, Nakano K, et al. : The heterogeneous distribution 
of argininosuccinate synthetase in the liver of type II 
citrullinemic patients. Its specificity and possible clinical 
implications. Am J Clin Pathol 1988; 89: 735-741
43. Maruyama H, Ogawa M, Nishio T, Kobayashi K, 
Saheki T, Sunohara N: Citrullinemia type II in a 
64-year-old man with fluctuating serum citrulline levels. 
J Neurol Sci 2001; 182: 167-170
44. Häberle J, Pauli S, Linnebank M, Kleijer WJ, Bakker 
HD, Wanders RJ, et al. : Structure of the human 
argininosuccinate synthetase gene and an improved 
system for molecular diagnostics in patients with 
classical and mild citrullinemia. Hum Genet 2002; 110: 
327-333
45. Ruitenbeek W, Kobayashi K, Iijima M, Smeitink 
JA, Engelke UF, De Abreu RA, et al. : Moderate 
citrull inaemia without hyperammonaemia in a 
child with mutated and deficient argininosuccinate 
synthetase. Ann Clin Biochem 2003; 40（Pt 1）: 102-107
46. Häberle J, Pauli S, Schmidt E, Schulze-Eilfing B, 
Berning C, Koch HG: Mild citrullinemia in Caucasians 
is an allelic variant of argininosuccinate synthetase 
deficiency（citrullinemia type 1）. Mol Genet Metab 
2003; 80: 302-306
47. Nagasaka H, Okano Y, Tsukahara H, Shigematsu Y, 
Momoi T, Yorifuji J, et al. : Sustaining hypercitrullinemia, 
hypercholesterolemia and augmented oxidative stress 
in Japanese children with aspartate/glutamate carrier 
isoform 2-citrin-deficiency even during the silent period. 
Mol Genet Metab 2009; 97: 21-26
48. Thompson MD, Monga SP: WNT/beta-catenin 
signaling in liver health and disease. Hepatology 2007; 
45: 1298-1305
49. Saheki T, Iijima M, Li MX, Kobayashi K, Horiuchi 
M, Ushikai M, et al. : Citrin/mitochondrial glycerol-
3-phosphate dehydrogenase double knock-out mice 
recapitulate features of human citrin deficiency. J Biol 
Chem 2007; 282: 25041-25052
50. Saheki T, Moriyama M, Kuroda E, Funahashi A, 
Yasuda I, Setogawa Y, et al. : Pivotal role of inter-organ 
aspartate metabolism for treatment of mitochondrial 
aspartate-glutamate carrier 2（citrin）deficiency, based 
on the mouse model. Sci Rep 2019; 9: 4179
51. Bach AC, Babayan VK: Medium-chain triglycerides: 




Yamagata Med J （ISSN 0288-030X）2020；38（1）：51-62
Pathogenesis of citrin deficiency
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Kiyoshi Hayasaka
　Citrin is aspartate/glutamate transporter in mitochondria, a component of malate-aspartate 
nicotinamide adenine dinucleotide hydrogen（NADH）shuttle. Citrin, encoded by SLC25A13, is 
expressed mainly in liver and is essential for the hepatic glycolysis. Citrin deficiency is caused by 
SLC25A13 mutation. It presents with age-dependent clinical manifestations: neonatal intrahepatic 
cholestasis（NICCD）, failure to thrive and dyslipidemia（FTTDCD）, and adult-onset type II 
citrullinemia（CTLN2）. Hepatocytes use fatty acid and glucose at fasting and postprandial states, 
respectively, as energy source. Hepatocytes of citrin deficiency cannot use glucose and fatty acid 
as energy source due to a defect in NADH shuttle and a down-regulation of PPARα, respectively. 
Energy deficit of hepatocytes is considered a fundamental pathogenesis of citrin deficiency. Medium 
chain triglyceride therapy can supply the energy to the hepatocytes and correct a fundamental 
defect. The cause of hyperammonemia in CTLN2 had been considered secondary damage of hepatic 
argininosuccinate synthase 1. However, profile of plasma amino acids suggests that hyperammonemia 
is mainly caused by an impairment of hepatic glutamine synthase reaction. Growth impairment 
in citrin deficiency is observed during the periods of rapid growth probably due to a defect in 
lipogenesis. Further study is required to elucidate the entity of citrin deficiency.
Keywords: citrin deficiency, malate-aspartate shuttle, neonatal intrahepatic cholestasis caused by 
 citrin deficiency, adult-onset type II citrullinemia, medium chain triglyceride
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